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Abstract 
Structural damage localization plays an important role in structural damage identification. An cumulative structural damage 
localization method based on evidence theory is studied in this paper. An algorithm for cumulative fusion of primary localization 
information is presented. In the numerical study, a fixed-end beam is inspected. Two damage cases are studied, one with single 
damage and the other with multiple damages. White noises are added to the beam mode shapes of the first five orders to simulate 
the measurement noises. First, Modal Strain Energy Change Ratio (MSECR) method is used to localize the damage elements 
using the noise-contaminated mode shapes. Then, the locations determined by MSECR are taken as primary information and 
fused cumulatively. In both the single-damage-case and the multiple-damage-case, the fused results show that damaged elements 
are accurately identified. Furthermore, the damage elements are distinguished much more clearly than those identified from 
MSECR.  © 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
With the development of structural engineering, modern structures are becoming more and more complex, e.g., 
aircrafts, long span bridges and off-shore platforms. Since the working environments of these structures are usually 
critical, structural damages will inevitably occur during the service life. The damages will lead to terrible 
consequences if they are not identified in time. Therefore, structural damage identification becomes necessary for 
these structures. In the past decades, varieties of damage identification methods [1] have been proposed to identify 
the occurrence, the location and the qualification of damage. Also, many damage localization indicators have been 
suggested. Based on the eigen-equation, Ojalvo et al. [2] proposed to locate the model error using modal force 
residue. The damaged elements are identified by their relevant degrees of freedom. Messina et al. [3] proposed to 
use a multiple damage location assurance criterion to locate the damaged elements. Their method is formulated on 
the same basis as the modal assurance criterion. Shi et al. [4, 5] proposed to locate the damaged elements by 
comparing the modal strain energy of each element before and after the damage. The modal strain energy change 
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ratio (MSECR) of each element is defined to be a damage indicator. In their study, the indicator is proved to be 
effective in locating the structural damage.  
Though there are several available damage localization methods and indicators, engineers find it still difficult to 
determine the damage location in practice. They do not know which method to trust since the results from different 
methods may not be in good agreement, and are sometime discordant. Hence, it becomes necessary to research on 
methods to fuse structural damage identification results from multiple sources. Guo [6] proposed a method using 
information fusion technique. The method is able to fuse local decisions from multiple damage location assurance 
criterion (MDLAC) method and the frequency change damage diction method (FCDDM), where frequency data and 
mode shape data are used as information sources respectively.  
This paper studies structural damage localization using data fusion. Different from the method of Guo, which use 
frequency data and mode shape data as two information sources, this study takes mode shapes of different orders as 
information sources. In section two, the algorithm for cumulative fusion is studied. In section three, a fixed-end 
beam is studied as a numerical example. Two damage cases are studied: one is single-damage-case and the other is 
multiple-damage-case. In both cases, MSECR is used to locate the damage element using mode shapes of different 
orders.  
2. Theory 
Dempster-Shafer (DS) evidence theory [7], which is currently the most important data fusion theory, is developed 
by Dempster and Shafer. The method is able to fuse data from different information sources. This provides 
structural engineers with the possibility of integrating multiple identification results. Based on the DS evidence 
theory, a cumulative damage localization methodology for fusion of primary localization results is proposed as 
follows. 
Suppose there are n elements in the structure. These elements are treated as subsets in the DS evidence theory. 
Damaged elements are preliminarily localized from s types of sources. Damage indicator for ith element from jth 
types of source is, 
, 1, 2,..., ; 1, 2,...,= =jiInd i n j s   (1) 
The indicators should be pre-processed to assign the basic probability for each element before fusing. In this 
study, the basic probability are calculated as follows, 
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where mj(ei) represents the processed indicator, as well as the basic probability for ith element from jth type of 
source. Then, Fused Damage Indicator (FDI) could be computed, 
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Then, FDI are normalized with respect to the maximum value. And, the normalized results are defined as 
Normalized Fused Damage Indicator (NFDI). The primary results from different sources are fused cumulatively. 
The cumulative fusion procedure could be illustrated in the following flowchart. 
In Fig. 1, NFDIk represents the normalized fused damage indicator in kth step. In each step, equation (3) and (4) 
are used to fuse the NFDIk and the kth group of processed primary indicator. 
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Fig. 1. Flowchart of Cumulative Localization Fusion 
This study takes mode shapes of different orders as information sources. MSECR is used to locate the damage 
element using mode shapes of different orders. Then, the results from different mode shapes will be used as primary 
indicators and fused according to the steps in Fig. 1.  
3. Simulation study 
In the paper of Shi et al. [5], a fixed-end beam is used as numerical example. For the purpose of comparison, the 
same beam is also used in this study. The FEM of the beam is shown in Fig. 2. The FEM consists of 12 elements 
and 13 nodes with 33-DOFs. Each element has a length of 0.6m, modulus of elasticity of 7.5x1010 N/m2, cross-
sectional area of 0.001 m2, moment of inertia of 7.56 x10-7 m4, and mass density of 7800 kg/m3. 
 
Fig. 2. FEM of fixed-end beam 
Two damage cases are inspected. Case 1 is a single-damage-case. The stiffness of the 6th element is reduced by 
15%. Case 2 is a multiple-damage-case. The stiffness of 6th and 11th elements are both reduced by 10%. For both 
cases, 1% white noise is added to the computational mode shapes in order to simulate the measurement noise. The 
single-damage-case and multiple-damage-case results are shown in Fig. 3 and Fig. 4. 
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Fig. 3. Single-damage-case (a) MSECR result; (b) Cumulative fusion result 
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Fig. 4. Multiple-damage-case (a) MSECR result; (b) Cumulative fusion result 
Fig. 3(a) and Fig. 3(b) show the result from MSECR method and the cumulative fusion method respectively. 
Taking 0.2 as threshold value for damage element, from Fig. 3(a), it could be seen that element 2 to 4, and element 7 
to 11, are erroneously judged as damaged elements. Meanwhile, the NFDI of level 5 clearly locates the damaged 
element. Similar results are found in Fig. 4. Fig. 4(a) shows that the 10th element is very possible to be a damaged 
one. While Fig. 4(b) shows that the NFDI of level 5 clearly locates the damaged elements, 6 and 11, and the 
possibility for the 10th element to be damaged is really small. 
4. Conclusion 
A cumulative structural damage localization method based on evidence theory is studied in this paper. Different 
from the method which uses frequency data and mode shape data as information sources, this study uses mode 
shapes of different orders as information sources. Simulation cases constructed by using fixed-end beam with single 
damage and multiple damages are studied. Results show that the proposed method is efficient under the noise-
contamination condition. This provides a new technique to adopt information fusion in structural damage 
identification.  
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